Latent nuclear antigen (LNA) is implicated in Kaposi's sarcoma-associated herpesvirus (KSHV) episome persistence. LNA colocalizes with KSHV episomes on chromosomes in metaphase, and it maintains the stability and replication of KSHV terminal repeat-containing plasmids. In this study, we examined the function of LNA in episome persistence in the context of full-length KSHV genome by mutagenesis analysis. We generated a KSHV mutant, BAC36-⌬LNA, with LNA disrupted by transposon-based mutagenesis with a KSHV BAC clone, BAC36, as a template. Immunofluorescence antibody staining revealed that the insertion of a transposon cassette into LNA disrupted its expression but had no effect on the expression of two adjacent genes, the vCyclin and vFLIP genes. Using a green fluorescent protein (GFP) cassette as a tracking marker for the KSHV episome, we found 8.7-fold-fewer GFP-positive cells in BAC36-⌬LNA cultures than in wild-type BAC36 cultures at the early stage following episome delivery into 293 cells by transfection, which could be partially rescued by cotransfection with a LNA expression plasmid but not a control plasmid. Cells harboring BAC36-⌬LNA with or without transient complementation rapidly lost episomes and became virus-free after 2 weeks of culture based on GFP expression and Gardella gel analysis and quantitative PCR assays for detecting KSHV genomes. In contrast, BAC36 episomes were stably maintained during the same period. Stable cultures with close to 100% of cells harboring KSHV episomes were readily established by hygromycin selection for BAC36 but not for BAC36-⌬LNA. These results conclusively indicate that LNA is essential for the establishment and persistence of KSHV episomes in mammalian cells.
Kaposi's sarcoma-associated herpesvirus (KSHV), also known as human herpesvirus 8, is a gamma-2 herpesvirus discovered in a Kaposi's sarcoma (KS) lesion from a patient with AIDS (5) . A large number of studies have shown that KSHV infection is associated with the development of all clinical forms of KS and several other lymphoproliferative diseases, including primary effusion lymphoma and multicentric Castleman's disease (28) .
Similar to other herpesviruses, the life cycle of KSHV consists of latent and lytic replication phases. Following primary infection, KSHV establishes lifelong latent infection in host cells, which can be reactivated into lytic replication upon induction by intracellular or environmental factors. In KS lesions and other KSHV-related malignancies, the tumor cells are latently infected by the virus and express viral latent antigens (28) . As with Epstein-Barr virus, which is another tumorigenic gammaherpesvirus, latent infection with KSHV is important in the development of KS.
In KSHV latent infection, viral genomes persist as nonintegrated circular episomes. To sustain latent infection, KSHV episomes have to be stably maintained in cells, efficiently replicated before cell division, and faithfully segregated into daughter cells during mitosis. A KSHV latent gene(s) that has an essential role in episome persistence should also be important for latent infection.
The latent nuclear antigen (LNA, also known as LANA) encoded by open reading frame 73 (ORF73) is a multifunctional protein. It consists of a doublet of two proteins of 222 and 234 kDa in the prototype BC-1 isolate but is polymorphic in different isolates because of the highly variable internal repeat domain (10, 12, 39) . LNA targets tumor suppressor pathways via direct interactions with p53 and pRb tumor suppressors (8, 32) and regulates viral and cellular gene transcription via direct interaction with various transcriptional factors (1, 19, 22-26, 31, 34-37) . A recent study has shown that LNA interacts with a novel transcriptional repressor, KLIP1, and relieves its transcriptional repression activity (29) . LNA also dysregulates ␤-catenin pathways through the stabilization of ␤-catenin, by binding to the negative regulator glycogen synthase kinase 3␤ and causing a cell cycle-dependent nuclear accumulation of glycogen synthase kinase 3␤ (9) . It has been reported that transduction with LNA promotes cell proliferation and prolongs the life span in primary human umbilical endothelial cells (38) . Besides these functions, LNA is also likely to have an important role in KSHV episome persistence. LNA displays a punctate pattern in the nucleus of KSHVinfected cells in an immunofluorescence antibody assay (IFA) (11, 20, 21, 33) . Such patterning is due to the colocalization of LNA with KSHV episomes on cellular chromosomes, implicating LNA's involvement in the replication and maintenance of KSHV episomes in latently infected cells (2) . Indeed, LNA alone is sufficient for the maintenance, replication, and segregation of terminal repeat (TR)-containing plasmids via binding of its C-terminal domain to the TR sequence of the plasmids, which are then tethered to cellular chromosomes via its Nterminal domain (2, 3, 6, 7, 14, 15, 18, 30, 35) . The results of these studies have provided evidence to support LNA's essential role in KSHV episome persistence. Nevertheless, these studies were conducted with plasmids and have not been confirmed for the full-length KSHV genome. Furthermore, no study has conclusively determined whether LNA is the only KSHV protein to carry out such functions. One of the best approaches for clarifying these issues is to functionally disrupt LNA in the KSHV genome and to assay the ability of the mutant episome to persist in cells. The recent cloning of the full-length KSHV genome as a bacterial artificial chromosome (BAC), BAC36, has made such genetic manipulation possible (40) . In this study, we generated a recombinant KSHV BAC36-⌬LNA with LNA disrupted. Examination of the mutant virus in mammalian cells has shown that LNA is indeed essential for the establishment and persistence of KSHV episomes in mammalian cells.
MATERIALS AND METHODS
Generation of a recombinant KSHV mutant BAC36-⌬LNA with LNA disrupted. We used the approach of random transposon-based mutagenesis to generate KSHV mutants (Fig. 1 ). The EZ::TN ϽKAN-2Ͼ insertion kit (Epicentre, Madison, Wis.), originally developed from the hyperactive Tn5 transposition system, is highly efficient in randomly inserting its specific primer binding sites and a kanamycin-resistance (Kan r ) cassette into the target DNA in vitro. Briefly, purified recombinant KSHV BAC36 DNA was reacted with the transposon cassette (transposon and Kan r ) DNA in the presence of Tn5 transposase for 2 h. An aliquot of the reaction mixture was then used to transform Escherichia coli strain DH10B by electroporation, and bacterial clones carrying the transposon cassette were selected on Luria-Bertani agar plates in the presence of 25 g of kanamycin/ml. To identify the insertion point, BAC DNA purified from each of the kanamycin-resistant clones was subjected to DNA sequencing with two primers (P1 and P2) that are located at both ends of the transposon cassette. One of the clones, designated BAC36-⌬LNA, with a transposon cassette inserted at genomic position 126,758 near the N-terminal domain of LNA, was selected for further characterization in this study. Genetic analysis of BAC36-⌬LNA. Different techniques were used to analyze the mutant BAC36-⌬LNA to ensure that the insertion site indeed occurred as revealed by DNA sequencing and that the mutant genome contains the fulllength KSHV genome without any other unexpected rearrangements. PCRbased genotyping was carried out as a quick diagnostic assay to confirm the insertion position of the transposon cassette. The following set of primers was used in the PCRs: P3 (5ЈTACGGTTGGCGAAGTCACATC3Ј) was 158 bp upstream of the insertion site and P4 (5ЈCCTCGCAGCAGACTACACCTCCAC3Ј) was 22 bp downstream of the insertion site. If the insertion position revealed by DNA sequencing is correct, these primers should amplify a product of 207 bp from wild-type KSHV BAC36 and a product of 1,428 bp from mutant KSHV BAC36-⌬LNA. The amplified PCR products were analyzed by electrophoresis on a 1.2% agarose gel.
Restriction enzyme digestion was carried out to analyze BAC36 and BAC36-⌬LNA genomes. DNA was isolated from bacteria harboring BAC36 or BAC36-⌬LNA by a standard alkaline lysis method, digested with HindIII, and analyzed with a 0.7% agarose gel. To further identify bands that have altered migration because of the insertion of a transposon cassette, Southern blot hybridizations were carried out. The DNA restriction fragments were transferred onto nylon membranes, which were then probed with P 32 -labeled Kan r DNA and a 578-bp DNA fragment corresponding to the N-terminal domain of LNA. Specific signals were detected with a PhosphorImager.
Transfection of episome DNA and monitoring episome persistence. 293 cells were split into a 6-well plate 1 day before transfection and grown to 80% confluency. Purified episomal DNA from BAC36 and BAC36-⌬LNA was transfected into 293 cells at 2 g/well with the SuperFect transfection kit according to the instructions of the manufacturer (QIAGEN, Valencia, Calif.). Each transfection experiment was repeated three times. Transfected cells were cultured and monitored daily for the percentage of green fluorescent protein (GFP)-positive cells with a Zeiss inverted fluorescence microscope. Transfected cells were split every 2 days, and GFP-positive cell numbers were continuously monitored for a period of 2 weeks. To isolate stable clones, the cultures were subjected to hygromycin selection 2 days posttransfection. For genetic complementation to rescue the lost function of LNA in BAC36-⌬LNA, a plasmid named pcDNA3.1His-LNA, expressing full-length LNA in mammalian cells, was cotransfected with BAC36-⌬LNA episome DNA into 293 cells. As a control, BAC36-⌬LNA was simultaneously cotransfected with plasmid pcDNA3.1His into 293 cells. Cotransfection of 293 cells with BAC36 together with pcDNA3.1His-LNA or pcDNA3.1His was also conducted as an additional control.
IFA. IFA was carried out as previously described (13) to determine the protein expression of LNA, vCyclin, and vFLIP in 293 cells transfected with BAC36 or BAC36-⌬LNA. Briefly, 293 cells were washed three times with phosphate-buffered saline by centrifugation and evenly spread onto 10-well slides. After fixation at 56°C for 1 h, the slides were blocked with 3% bovine serum albumin. To detect LNA, the slides were incubated with a rat anti-LNA monoclonal antibody (ABI, Baltimore, Md.). Since the GFP fluorescence intensity was weakened after heat fixation, a mouse anti-GFP antibody (Sigma, St. Louis, Mo.) was simultaneously added to detect GFP-positive cells. Specific signals were revealed with a goat anti-rat immunoglobulin G (IgG)-ALEXA568 conjugate (Molecular Probes, Eugene, Oreg.) and a rabbit anti-mouse IgG-fluorescein isothiocyanate conjugate (Sigma) and captured with a digitalized Zeiss fluorescent microscope. A rat monoclonal antibody (a kind gift from Mary Collins at the Windeyer Institute of Medical Sciences, London, England) was used to detect vFLIP protein (27) . A rabbit polyclonal antibody was used to detect vCyclin protein (4) . Specific signals of vCyclin were revealed with a donkey anti-rabbit IgG-ALEXA568 conjugate (Molecular Probes).
Detection of KSHV episomes by Gardella gel analysis. Detection of KSHV genomes of both wild-type and mutant KSHV in 293 cells was carried out with a Gardella gel as previously described (16) . After electrophoresis, viral DNA was blotted onto a nylon membrane and then detected by Southern-blot hybridization with a P 32 -labeled full-length LNA probe. Specific signals were captured with a PhosphorImager.
Semiquantitative PCR (sqPCR) and quantitative real-time SYBR Green PCR (qPCR). The diagnostic PCR described above for the genetic analysis of KSHV mutants was also used in a sqPCR assay to detect KSHV genomes in 293 cultures harboring BAC36 or BAC36-⌬LNA. A second PCR assay amplifying a 62-bp product of the ORF16 gene was also used to detect KSHV genomes. The primers used were ORF16F (5ЈACCAGCTTGGGTTGAGCATG3Ј) and ORF16R (5Ј GGCTCGCCCCCAGTTC3Ј). Cellular DNA was calibrated by a PCR assay for glyceraldehye-3-phosphate dehydrogenase (GAPDH) with primers GAPDH-F (5ЈACAGTCAGCCGCATCTTCTT3Ј) and GAPDH-R (5ЈACGACCAAATCC GTTGACTC3Ј) that amplify a product of 94 bp.
qPCR was used to determine the copy number of KSHV genomes per cell. The primers for ORF16 and GAPDH were also used in qPCR. ORF65 primers used in qPCR were ORF65F (5ЈATATGTCGCAGGCCGAATAC3Ј) and ORF65R (5ЈCCACCCATCCTCCTCAGATA3Ј), which amplify a product of 97 bp. qPCR was carried out with a total volume of 20 l, containing 10 l of DyNAmo SYBR Green qPCR kit (Finnzymes Oy, Espoo, Finland), 0.5 l of each primers at 50 mM, and 1 l of DNA at 30 ng/l. Thermal amplification was performed with a DNA Engine Opticon 2 continuous fluorescence detector (MJ Research, Inc.) with the following linked profile: 10 min at 96°C; 45 amplification cycles, each cycle consisting of denaturation (95°C for 10 s), annealing (60°C for 20 s), and extension (72°C for 15 s); and a 50-step melting curve analysis where the annealing temperature was decreased by 0.2°C at each step. Fluorescence intensity was detected after the extension step at five temperature steps (72, 74, 76, 78, and 80°C), and calculated with Opticon MONITOR analysis software (MJ Research, Inc.). Each sample was examined in triplicate for each set of primers. Figure 2A showed that the PCRs indeed amplified DNA fragments with the expected sizes from both BAC36 and BAC36-⌬LNA genomes, confirming the revealed transposon insertion position.
RESULTS

Generation
To further confirm that the insertion occurred correctly and BAC36-⌬LNA contained the full-length KSHV genome without any other unexpected genomic rearrangements, we performed restriction analysis of the BAC36-⌬LNA genome. Purified BAC36-⌬LNA DNA was digested with HindIII and resolved on an agarose gel. Based on sequence analysis of both BAC36 and BAC36-⌬LNA, the insertion should occur in an 11.6-kb HindIII fragment, adding the 1.2 kb of the transposonKan r sequence to the fragment. However, because of the presence of a HindIII site in the transposon sequence, two HindIII fragments (a 5.2-kb fragment containing the Kan r sequence and one 7.6-kb fragment) should be generated. As expected, BAC36-⌬LNA had all the HindIII bands identified in BAC36 except the 11.6-kb fragment, which was digested into one 5.2-kb band and one 7.6-kb band (Fig. 2B) . With a 578-bp DNA fragment from the LNA N-terminal domain sequence as a probe, Southern hybridization detected an 11.6-kb band in BAC36 but a 5.2-kb band in BAC36-⌬LNA. When the Kan r sequence was used a probe, only the 5.2-kb band was detected in BAC36-⌬LNA, while no band was detected in BAC36. These results indicated that BAC36-⌬LNA contained the fulllength KSHV genome with only a single insertion of the trans- . We performed an IFA to detect LNA protein expression in GFP-positive cells. All BAC36 GFP-positive cells expressed LNA as expected, with a typical speckled pattern (Fig.  3) . No LNA expression was detected in BAC36 GFP-negative cells. In contrast, we detected no LNA expression in the already small number of BAC36-⌬LNA GFP-positive cells or in the BAC36-⌬LNA GFP-negative cells. As a negative control, we stained 293 cells with the anti-LNA antibody. None of the 293 cells was positive for LNA (data not shown). These results indicated that the transposon insertion in BAC36-⌬LNA efficiently disrupted the protein expression of LNA.
Insertion of transposon cassette into LNA did not disrupt the expression of vCyclin and vFLIP proteins. The vCyclin and vFLIP genes are adjacent to the LNA gene, and the three genes share multiple transcripts (Fig. 1B) . We determined whether the insertion of transposon cassette into LNA would also disrupt the expression of vCyclin and vFLIP genes. BAC36-and BAC36-⌬LNA-transfected 293 cells were stained for the expression of vCyclin and vFLIP proteins by IFA. All of the BAC36 and BAC36-⌬LNA GFP-positive cells were positive for vCyclin and vFLIP, while all the BAC36 and BAC36-⌬LNA GFP-negative cells were negative (Fig. 3) . Untransfected 293 cells were negative for vCyclin and vFLIP (data not shown), demonstrating the specificity of the antibodies. These results indicated that the transposon cassette insertion in BAC36-⌬LNA did not disrupt the expression of vCyclin and vFLIP proteins.
BAC36-⌬LNA is inefficient in the establishment and maintenance of KSHV episome persistence in mammalian cells. To determine whether LNA disruption affects KSHV episome persistence, we reconstituted the recombinant genome in mammalian cells. Equal amounts of BAC36 and BAC36-⌬LNA DNA were used to transfect 293 cells. Because of the presence of a GFP cassette in the original BAC36, we were able to use GFP expression to conveniently track the presence of recombinant genomes in mammalian cells (40) . GFP expression was observed in cells transfected with both BAC36 and BAC36-⌬LNA DNA 1 day posttransfection and reached a peak 2 days posttransfection ( Fig.  4A and B) . BAC36-transfected cells had approximately 6.5% of GFP-positive cells at the peak of expression. Surprisingly, the number of GFP-positive cells in BAC36-⌬LNA-transfected cells was approximately 8.7 times smaller than in BAC36-transfected cells (0.75 versus 6.5%) (Fig. 4A and B) . This difference was due neither to variations in quality of the episomal DNA nor to variations of transfection efficiencies, because these results were consecutively reproduced five times, each with three repeats using separately prepared episomal DNA. To investigate whether fewer numbers of GFP-positive cells in BAC36-⌬LNA-transfected cells were due to the disruption of LNA expression, we conducted genetic complementation for the loss of LNA protein. Cotransfection of BAC36-⌬LNA episomal DNA together with an LNA expression plasmid, pcDNA3.1His-LNA, into 293 cells rescued GFP-positive cells to 3.9%, while cotransfection of BAC36-⌬LNA with a control plasmid pcDNA3.1His did not alter the number of GFP-positive cells (Fig. 4A and B) . Cotransfection of BAC36 with pcDNA3.1His-LNA or pcDNA3.1His had no effect on the number of GFP-positive cells (Fig. 4A and B) . Together, these results indicated that the disruption of LNA reduced the efficiency in the initial establishment of KSHV episome persistence in mammalian cells.
We continued to monitor GFP-positive cells in the cultures. Cells were split every 2 days, and the numbers of GFP-positive cells and total cells were counted. While the percentage of GFP-positive cells in BAC36-transfected cells remained relatively stable, the percentage in BAC36-⌬LNA-transfected cells rapidly decreased to less than 0.1% 14 days posttransfection ( Fig. 4A and B) . Cotransfection with either pcDNA3.1His-LNA or pcDNA3.1His had no effects on BAC36-transfected cells, but it also did not prevent the loss of GFP-positive cells in BAC36-⌬LNA transfected cells. To better illustrate the rapid loss of GFP-positive cells in BAC36-⌬LNA cultures, we normalized the relative percentage of GFP-positive cells using 100% for the peak value (2 days posttransfection) (Fig. 4C) . The results showed a rapidly decreasing slope of GFP-positive cells for BAC36-⌬LNA-transfected cells with or without complementation, and again, a relatively stable slope for BAC36-transfected cells. In one of the experiments, we maintained the cultures for an additional 2 weeks, for a total of 4 weeks. No GFP-positive cells were observed in any BAC36-⌬LNA-transfected cultures, while the number of GFP-positive cells in BAC36-transfected cultures remained at approximately 80% of the peak level. These results indicated that BAC36-⌬LNA episomes could not be stably maintained in 293 cells.
Both BAC36 and BAC36-⌬LNA genomes contained a hygromycin-resistance cassette, allowing the establishment of stable cell lines harboring KSHV genomes by hygromycin selection. We determined the efficiencies of isolating stable mammalian cell lines harboring BAC36 and BAC36-⌬LNA genomes. Again, episomal DNA of BAC36 and BAC36-⌬LNA was transfected into 293 cells, which were then treated with hygromycin 2 days posttransfection. All the cells transfected with BAC36-⌬LNA died after 2 weeks of hygromycin treatment. While the GFP-negative cells also died in BAC36-transfected cultures, the GFP-positive cells continued to grow. The number of GFP-positive cells increased daily to close to 100% after 6 weeks of hygromycin selection in BAC36-transfected cultures. These results further confirmed that BAC36-⌬LNA could not be stably maintained in 293 cells as wild-type BAC36 could.
BAC36-⌬LNA episomes failed to persist in mammalian cells. To confirm that the rapid decrease of GFP-positive cells in BAC36-⌬LNA-transfected cultures was due to the loss of KSHV episomes, we performed Gardella gel electrophoresis with BAC36-and BAC36-⌬LNA-transfected cells on different days posttransfection (Fig. 5) . The DNA was transferred to a membrane and hybridized with a P 32 -labeled LNA probe to detect the presence of KSHV genomes. Linear KSHV genomes had a size of about 170 kb, while circular genomes representing episomes had a much slower migration band, as linear genome was detected at any time point examined for either BAC36-or BAC36-⌬LNA-transfected cells, indicating that the recombinant viruses did not have any or had only very weak viral lytic replication, which was consistent with previous observations (40) . These results indicated that BAC36-⌬LNA episomes failed to be stably maintained in 293 cells, accounting for the rapid loss of GFP-positive cells in BAC36-⌬LNA-transfected cultures.
We further performed sqPCR to detect the presence of episomes in both BAC36-and BAC36-⌬LNA-transfected cells. We used DNA isolated from equal amounts of BAC36-and BAC36-⌬LNA-transfected cells for the experiments. A GAPDH signal was used to calibrate the quantity of DNA used in each sample. We detected the 1,428-bp PCR fragment containing the transposon-Kan r insertion only in BAC36-⌬LNA-transfected cells, and the 207-bp fragment only in BAC36-transfected cells 1 day posttransfection, indicating that we introduced the correct recombinant genomes into the cells. However, the signal of the 1,428-bp band was significantly reduced 6 days posttransfection, and no signal was detectable 14 days posttransfection in BAC36-⌬LNA-transfected cultures, while a strong signal from the 207-bp band was maintained throughout the same period in BAC36-transfected cultures (Fig. 6A) . Two additional PCR assays amplifying ORF16 and ORF65 in the KSHV genome were used to confirm these results. Again, BAC36-transfected cells maintained similar signal levels from 1 to 14 days posttransfection, while the signal of BAC36-⌬LNA-transfected cells started to weaken 6 days posttransfection and became almost invisible 14 days posttransfection (Fig. 6A) . We further performed qPCR to monitor the copy numbers of KSHV genomes with primers designed from ORF65 and ORF16 (Fig. 6B and C) . Although both BAC36-and BAC36-⌬LNA-transfected cells had similar levels of KSHV genomes 1 day posttransfection, those of BAC36-⌬LNA-transfected cells dropped significantly 6 days posttransfection. By 14 days posttransfection, the signal from BAC36-⌬LNA-transfected cells was barely detectable by the ORF65 assay and was completely undetectable by the ORF16 assay. In contrast, the KSHV genome signal from BAC36-transfected cells remained relatively stable throughout the period. These results were consistent with those of GFP tracking and Gardella gel analysis and further indicated that BAC36-⌬LNA episomes were rapidly lost while those of BAC36 were stably maintained in 293 cells following multiple passages of cell cultures.
DISCUSSION
KSHV LNA has been extensively studied in vitro. One of LNA's potential functions is KSHV episome persistence. Colocalization of LNA with KSHV episomes on chromosomes strongly suggests its involvement in episome maintenance (2) . Indeed, LNA alone is sufficient to maintain the replication and persistence of TR-containing plasmids (2, 3, 6, 7, 14, 15, 18, 30, 35) . It has not been actually determined whether LNA is required for the maintenance and persistence of full-length KSHV episome, although it has been speculated that it is. It is unknown whether LNA alone is sufficient for carrying out these functions and whether there is a second viral protein carrying out similar functions. In this study, we generated a recombinant KSHV BAC36-⌬LNA with LNA disrupted. Upon delivery of BAC36-⌬LNA DNA into 293 cells, we unambiguously demonstrated that LNA is essential for the establishment and long-term persistence of KSHV episomes in mammalian cells.
BAC36-⌬LNA was generated by transposon-based mutagenesis with BAC36 as a template. Analysis of the mutant virus showed that it had a transposon cassette insertion in the N-terminal domain of LNA and that it maintained the fulllength KSHV genome without any other genomic rearrangements. Consequently, the mutant virus no longer expressed the LNA protein (Fig. 3) . Reconstitution in 293 cells showed that immediately following delivery into 293 cells, BAC36-⌬LNA-transfected cells had a substantially lower percentage of cells expressing GFP than wild-type BAC36-transfected cells did (Fig. 4) . The fact that this deficiency can be partially rescued by complementing with a LNA expression plasmid strongly indicates that LNA is responsible for the lower percentage of GFP-positive cells in BAC36-⌬LNA-transfected cells and suggests that LNA is important for the initial establishment of KSHV episomes in mammalian cells. Nevertheless, it is also possible that the disruption of LNA directly interferes with the expression of GFP cassette. A number of reports have shown that LNA regulates transcription via direct interactions with transcriptional factors or via binding to nuclear heterochromatin (22-26, 34, 37 Our results demonstrate that LNA is essential for the maintenance and long-term persistence of KSHV genomes in mammalian cells. When monitored over a period of 2 weeks, the number of GFP-positive cells decreased rapidly in BAC36-⌬LNA-transfected cultures while those in BAC36-transfected cells remained relatively stable. Gardella gel, sqPCR, and qPCR analyses further confirmed that BAC36-⌬LNA-transfected cultures quickly lost KSHV episomes 14 days posttransfection while those of BAC36-transfected cells remained relative stable during the same period ( Fig. 5 and 6 ).
A recent report described the rapid loss of KSHV episomes and TR-containing plasmids upon delivery into mammalian cells (17) . In our study, an approximately 10 to 18% loss of wild-type KSHV BAC36 episomes was observed in the first week posttransfection; however, BAC36 episomes remained stable afterwards (Fig. 4) . It would be interesting to determine whether epigenetic factors might contribute to the initial establishment and long-term maintenance of KSHV episomes in mammalian cells.
LNA, together with vCyclin (ORF72) and vFLIP (ORF-K13), is positioned as a cluster of latent genes in the KSHV genome. These three genes expressed from the same promoter constitute three latent transcripts: two tricistronic transcripts containing all three genes, and one bicistronic transcript containing vCyclin and vFLIP (Fig. 1B) . Thus, vCyclin and vFLIP, if any, would be the most likely genes affected by LNA disruption. We have shown that the insertion of a transposon cassette into LNA did not disrupt the expression of vCyclin and vFLIP (Fig. 3) . Hence, the reduced efficiency in the establishment of persistence and the subsequent rapid loss of KSHV episomes in the BAC36-⌬LNA-transfected cultures were solely due to the disruption of LNA. Using the same transposon-based mutagenesis approach, we recently isolated KSHV mutants with vCyclin and vFLIP disrupted, respectively. The vCyclin and vFLIP mutants behaved similarly to wild-type BAC36 when their episomes were delivered into 293 cells. Both of the mutants had relatively large numbers of GFP-positive cells (7 to 8%) after initial transfection, which could be further maintained after long-term culture. We have also isolated stable cultures of both mutants by hygromycin selection. These results suggest that vCyclin and vFLIP are not essential for the establishment and persistence of KSHV episomes in 293 cells. Therefore, the results obtained in this study are unique to the disruption of LNA but are not due to the disturbance of vCyclin and vFLIP genes.
